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57 ABSTRACT

The disclosure includes a glow-discharge lamp including: an
elongate casing transparent to illuminating radiation and
containing a plasma gas; a device for applying an electric
field for maintaining a plasma in the so-called positive
column region of the casing, the device including two
electrodes forming an anode and a cathode located in the
casing at each end thereof; and a radio-frequency or micro-
wave cathode plasma source arranged in the casing in
relation to the cathode-forming electrode, such as to gener-
ate a high-frequency discharge located on the surface of the
electrode in order to generate the plasma. The disclosure
also includes a lighting method of such a glow-discharge
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1
GLOW DISCHARGE LAMP

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National Phase Entry of International
Application No. PCT/EP2013/064583, filed on Jul. 10,
2013, which claims priority to French Patent Application
Serial No. 1256672, filed on Jul. 11, 2012, both of which are
incorporated by reference herein.

TECHNICAL FIELD

The present invention relates to a glow discharge lamp
and to a lighting method which can be implemented in such
a lamp.

BACKGROUND

Within the framework of energy saving for the struggle
against global warming, different types of so-called low-
power-consumption lamps have been developed to replace
incandescent lamps wherein more than 90% of the energy
consumed is not converted into light. Among the new types
of low-power-consumption lamps offered on the market
should mainly be mentioned glow discharge lamps, of which
the two principal embodiments are commonly called “neon”
tubes and compact fluorescent lamps. In general terms,
electrode fluorescent lamps are based on the emission of
ultraviolet (UV) rays, generated inside a tube that is linear
(neon tube) or folded back on itself (compact fluorescent
lamp), by a periodic low-frequency discharge (50 or 60 Hz
for example), the UV being transformed into visible light by
phosphors covering the inside of the tube. The gas mixtures
generally used are mixtures of rare gases (mainly argon)
seeded with mercury, an active element with principal UV
emission lines situated at 254 nm (the biggest line), 297 nm,
313 nm and 365 nm (UVA) (not an exhaustive list), wave-
lengths at which the fluorescence efficiencies, that is the
conversion of photons into visible light on the phosphors
lining the inside of the lamps, are highest.

Glow discharge lamps comprise two electrodes (anode
and cathode) located at the end of a sealed tube filled with
a gas mixture (rare gases and mercury) under low pressure,
on the order of a mbar or a torr (1 torr=133 Pascal). The
plasma is obtained by applying a voltage between the two
electrodes.

FIG. 1 illustrates the distribution of the electric field E
along a direct current glow discharge, the abscissa extending
from the cathode (z =0) toward the anode (z=L, the length
of the tube). In such a discharge, the most effective plasma
production zone from the energy standpoint consists of the
region R2, called the positive column, along which the axial
electrical field adjusts itself so that the power given up by the
electric field to the electrons e for maintaining the plasma
allows exact compensation of radial plasma losses on the
walls along the positive column, this so as to keep the
discharge ignited. In the region of the cathode (called
cathode region R1), on the other hand, there appears a very
strong voltage drop (more than two or three hundred volts)
which makes it possible to accelerate the ions i of the
discharge toward the cathode, thus creating secondary elec-
trons e, which in their turn are injected into the gas with high
energy, thus allowing ionization of the gas mixture.

A so-called negative glow region R3, where the electric
field is practically null and which constitutes a diffusion
space for the plasma and a drift space for secondary elec-
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trons not yet thermalized, is situated between the cathode
region R1 and the positive column R2. Finally, region R4
located in proximity to the anode, where the electrons at the
edge of the positive column R2 are accelerated toward the
anode, is called the anode sheath. In the case of 50 or 60 Hz
AC voltage, the electrodes are reversed at each alternation.

If a glow discharge is considered, the cathode region,
where the electrode is polarized very negatively with respect
to the anode, corresponds to a region where a great energy
loss occurs, not usable for effective lighting. Indeed, in this
region, positive ions are accelerated with an energy of
several hundred electron volts (eV) onto the cathode, thus
allowing emission of secondary electrons, accelerated in the
opposite direction, which allow ignition and maintenance of
the glow discharge and of its positive column. The conse-
quence is that the difference in voltage between the anode
and the cathode is found in large part in the region of the
cathode (cathode drop).

In other words, though the cathode region allows ignition,
then maintenance of a glow discharge, it constitutes a region
of high energy loss dissipated in ion bombardment of the
cathode. Besides this major shortcoming in terms of energy
efficiency, glow discharge lamps (neon or compact fluores-
cent) have several shortcomings, among them unreliable
ignition (especially at low temperature) of current lamps
based on rare gas mixtures; the difficulty, even impossibility
of igniting discharges containing plasma gases other than
rare gas mixtures; deterioration of the electrodes due to their
ion bombardment (cathode drop); reduced lifetime, particu-
larly in the case of frequent, repeated extinguishing and
lighting; the impossibility of controlling lighting using a
dimmer; the presence of mercury in the gas mixture, which
poses a toxicity and recycling problem.

One aim of the invention is to propose a glow discharge
lamp making it possible to avoid the energy loss due to the
intense bombardment of the cathode (or more generally of
the electrodes in the case where a periodic voltage is
applied). In fact, improving the efficiency of glow discharge
lamps constitutes one of the major challenges to be met so
as to significantly reduce worldwide consumption of elec-
tricity for lighting, which at present corresponds to 16% of
electricity production. Another goal of the invention is to
provide a glow discharge lamp which makes it possible to
correct, to the extent possible, the other shortcomings and
flaws mentioned above.

SUMMARY

In accordance with the invention, a glow discharge lamp

is proposed including:

an elongated envelope transparent to the lighting radiation
and containing a plasma gas,

an application device for an electric field suited for
maintaining a plasma in the region of the envelope
called the positive column, that is the region wherein
the axial electric field is constant, including two elec-
trodes constituting an anode and a cathode situated
inside the envelope, at each end of said envelope,

a microwave or radio-frequency cathode plasma source
positioned inside the envelope with respect to the
electrode constituting the cathode so as to generate a
localized high frequency (that is microwave or radio-
frequency depending on the nature of the source)
discharge on the surface of said electrode to generate
said plasma.

It is from this cathode plasma, generated at the surface of

the cathode, that the electrons are injected into the positive
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column. This cathode plasma source makes it possible to
generate plasma without having to resort to a high cathode
drop to produce secondary electrons. According to one
embodiment, the lamp can be supplied with a periodic
voltage at 50 or 60 Hz, so that each electrode alternately
constitutes the cathode and the anode depending on the
polarity of the applied voltage; the lamp can then include
two alternating plasma sources situated in the envelope with
respect to each of the two electrodes so as to generate a
localized high-frequency discharge (radio-frequency or
microwave depending on the nature of the source) at the
surface of each of said electrodes.

According to certain embodiments, wherein the pressure
in the envelope does not exceed a few torr (is less than 10
torr, that is), and is preferably less than or equal to 1 torr (1
torr=133 Pa):

each cathode plasma source is an inductive radio-fre-

quency source and the lamp further includes a device
for applying a static axial magnetic field at said plasma
source;
each cathode plasma source is a microwave source and
the lamp further includes a device for applying a static
magnetic field the intensity whereof is equal to the
electron cyclotron resonance intensity (that is the inten-
sity for which the frequency of the microwave electric
field is equal to the frequency of gyration of the
electrons in the magnetic field) at said plasma source;

the lamp further includes a device for applying a static
axial magnetic field with intensity decreasing from the
cathode toward the positive column, said axial mag-
netic field application device possibly including, for
example, a solenoid wound around the cathode plasma
source or permanent magnets providing an axial mag-
netic field (at least on the tube axis);

the lamp further includes a device for applying an axial

static magnetic field along the positive column, said
static axial magnetic field application device possibly
being a solenoid wound around the envelope.

According to one embodiment, the envelope takes the
form of a straight tube. Alternatively, the envelope takes the
form of a tube wound in a spiral or any other geometric
shape, such as for example a circle or an oval.

Another object of the invention relates to a lighting
method using a glow discharge lamp, said lamp including an
elongated envelope, transparent to a lighting radiation and
containing a plasma gas, and two electrodes constituting an
anode and a cathode situated inside the envelope, at each end
of the envelope, said method being characterized in that it
includes:

generation of a microwave or radio-frequency cathode

plasma by means of a localized high-frequency dis-
charge (microwave or radio-frequency) at the surface
of the electrode constituting the cathode,

application, between the anode and the cathode, of a

voltage suited for applying an axial electric field for
maintaining the plasma in the region of the envelope
called the positive column.

The voltage applied between the electrodes is advanta-
geously a DC voltage or a 50 Hz or 60 Hz AC voltage.
According to one embodiment, the voltage applied is a 50 or
60 Hz AC voltage; the cathode plasma can then be generated
alternately in the region of one or the other electrode, to wit
the electrode constituting the cathode depending on the
polarity of the voltage applied. Moreover, a static axial
magnetic field, the intensity whereof decreases from the
cathode toward the positive column, can also be applied at
the cathode, at the surface whereof the cathode plasma is
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generated. On the other hand, a static axial magnetic field
can also be applied along the positive column.

According to one embodiment, the plasma is a radio-
frequency plasma, that is generated at a frequency com-
prised between 1 MHz and 100 MHz. A static axial magnetic
field can then be applied at the cathode, at the surface
whereof the cathode plasma is generated so as to obtain
coupling in a helical mode.

According to another embodiment, the plasma is a micro-
wave plasma, that is generated at a frequency comprised
between 100 MHz and 5.8 GHz. A static magnetic field with
an intensity equal to the electron cyclotron resonance inten-
sity can then also be applied at the cathode, at the surface
whereof the plasma is generated, so as to obtain an electron
cyclotron resonance coupling. Advantageously, the pressure
inside the envelope does not exceed a few torr (is less than
10 torr, that is) and is preferably less than or equal to 1 torr
(133 Pa).

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention will
emerge from the detailed description which follows, with
reference to the appended drawings wherein:

FIG. 1 is a schematic of the electric field distribution
inside of a DC neon tube type glow discharge lamp;

FIGS. 2A and 2B illustrate two embodiments of the
envelope, respectively forming a part of a neon tube and of
a compact fluorescent bulb;

FIG. 3 is a schematic of the electric field distribution
inside a neon tube type glow discharge lamp according to the
invention;

FIG. 4 is an outline schematic of a glow discharge lamp
according to a first embodiment of the invention, wherein
the cathode plasma is excited at radio frequency;

FIG. 5 is an outline schematic of a glow discharge lamp
according to a second embodiment of the invention, wherein
the cathode plasma is excited by microwaves;

FIG. 6 illustrates schematically an embodiment wherein a
static axial magnetic field, designed to provide a helical
coupling mode, is applied in the region where the radio-
frequency cathode plasma is generated;

FIG. 7 illustrates schematically a microwave cathode
plasma applicator also allowing application of a static mag-
netic field providing an electron cyclotron resonance cou-
pling mode;

FIG. 8 illustrates schematically an embodiment wherein a
static magnetic field gradient decreasing from the cathode
toward the positive column is applied in the region where the
cathode plasma is generated; and

FIG. 9 illustrates schematically an embodiment wherein a
conductive solenoid is wound all along the positive column
s0 as to apply a static axial magnetic field to it.

DETAILED DESCRIPTION

In general terms, the lamp includes an elongated envelope
containing a plasma gas. The envelope is transparent to the
lighting radiation, which can be ultraviolet or visible radia-
tion. If appropriate, the inner wall of the envelope can be at
least partly covered with phosphors capable of converting
the ultraviolet radiation provided by the glow discharge into
visible radiation. The person skilled in the art is capable of
selecting the material of the envelope and, if appropriate,
suitable phosphors to allow transmission to the outside of
the envelope of the lighting radiation which the lamp is
required to supply. What is meant by “elongated” is the fact
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that the envelope has a greater dimension in one direction,
called the axial direction, than in the two orthogonal direc-
tions, which define a radial direction.

Two electrodes are positioned within the envelope, at each
end of said envelope, said ends being opposite to one
another in the axial direction. Said electrodes are connected
to a DC or a 50 or 60 Hz AC voltage source U. The envelope
can have a substantially constant cross-section in the axial
direction. Thus, said envelope can have a generally tubular
shape.

The envelope can be linear, meaning that it is substantially
rectilinear in the axial direction. Such is the case with lamps
called in current speech “neon tubes.” An example of such
an envelope is illustrated in FIG. 2A.

Alternatively, the envelope can form a spiral (to form a
circular or oval lamp) or a certain number of coils, as in the
case of lamps called “compact fluorescent bulbs”. An
example of such a bulb is illustrated in FIG. 2B. Naturally,
the envelope can be arranged in any other shape without
thereby departing from the scope of the invention. In the
case where the envelope is not linear, when speaking of the
“axial direction” what is meant is the direction of the mean
curve of the envelope.

The plasma gas can be any gas or gas mixture used for
lighting. Thus, in a manner known in se, the plasma gas can
be a mixture of rare gases (principally argon) seeded with
mercury, the active element of which the principal emission
lines are situated at 254 nm (the strongest line), 297 nm, 313
nm and 365 nm (UVA) (not an exhaustive list). The selection
of'the gas or gases and of possible active elements is carried
out by the person skilled in the art depending on the
wavelengths where emission is greatest according to the
lighting radiation (UV or visible) that is desired.

In particular, to optimized the transmission of visible
radiation from UV photon emissions, the selection of gases
and active element is carried out so that the fluorescence
efficiencies, that is of conversion of UV photos to visible
light in phosphors lining the inside of the envelope, are
highest. In conventional lamps, an appropriate voltage is
applied between the two electrodes to generate a discharge
in the plasma gas and thus to generate the plasma.

The invention proposes to replace the cathode drop region
present in conventional lamps by a cathode plasma source
suitable for generating the plasma in a localized manner at
the surface of the cathode and to apply between the two
electrodes an appropriate voltage for applying an axial
electric field sufficient for maintaining the plasma thus
generated in the positive column. The cathode plasma
source, like the electrodes, is positioned inside the envelope.
The plasma cathode source can be a microwave type or a
radio-frequency (RF) inductive type source.

In the case of a lamp supplied with a periodic voltage (50
or 60 Hz for example), each electrode alternately constitutes
the cathode or the anode depending on the polarity of the
voltage applied. In this case, the invention proposes, in a
preferred embodiment of the invention, to employ two
cathode plasma sources placed at each of the two electrodes
so as to alternately generate a high-frequency discharge at
the surface of the electrode which constitutes the cathode.
Nevertheless, due to a cost-effectiveness compromise to be
respected, it is possible to place a plasma source at only a
single electrode.

The invention makes it possible to reduce the power
required for the discharge and for maintaining it, compared
to known glow discharges. Indeed, the cathode plasma
source can be a low-power source, to wit on the order of one
watt, that is from a fraction of a watt to a few watts
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(depending on the cross-section of the lamp, for example for
1 cm?). Moreover, by using a cathode plasma source at the
cathode, bombardment of the cathode and the associated
energy loss are avoided. Thus, it can be estimated that the
invention provides a gain by a factor on the order of 2 to 4
in the power needed to maintain the discharge, compared to
current glow discharges.

By way of comparison with FIG. 1, FIG. 3 illustrates the
electric field E distribution along a direct current glow
discharge obtained by using a cathode plasma source as
described above. The abscissa axis extends from the cathode
(z=0) toward the anode (z=L, length of the tube); the
ordinate axis is at the same scale as that of FIG. 1. In this
configuration according to the invention, the cathode drop
R1 and the negative glow R3 observed in FIG. 1 are replaced
by a cathode plasma source R1 having a cathode drop that
is sharply reduced compared to the cathode drop R1 of FIG.
1, because it is the electrons of the cathode plasma that are
injected into the positive column (generation of the plasma
in the positive column therefore does not require secondary
electrons produced from the cathode drop).

In this case, firstly, the electric field within the cathode
plasma is very weak and, secondly, the electric field within
the cathode drop R1 of the cathode plasma is reduced by a
considerable factor (greater than a factor of 2 to 4) compared
to the electric field encountered, in the same region, in the
case illustrated in FIG. 1. Moreover, the negative glow
region (R3 in FIG. 1) no longer appears, the positive column
R2 extending all the way to the cathode plasma source R1
(in fact, in FIG. 3, no discontinuity is observed between the
cathode plasma source and the positive column, as is the
case in the presence of a negative glow). For its part, the
anode sheath R4 is unchanged.

In the first place, the invention makes it possible to
considerably reduce energy losses due to ion bombardment
of the cathodes in current glow discharges. In addition, the
invention makes it possible to correct most of the shortcom-
ings of current glow discharges. In fact, the invention
provides a long lifetime for glow discharge lamps, sputtering
of the electrodes due to ion bombardment being prevented.

Moreover, the lamps according to the invention can
operate under extended operating conditions, in terms of the
frequency of the electromagnetic wave, of power, of pres-
sure and of the type of gas, tied to those of the cathode
plasma source. It then becomes possible to use a plasma gas
without mercury, which eliminates its toxicity and facilitates
recycling of the lamp. The invention also allows operation of
the lamp under extreme conditions.

On the other hand, thanks to the wide range of coupling
modes that are possible, and the possibility of pulse modu-
lation, the cathode plasma source is able to ignite immedi-
ately. Thus it allows immediate ignition of the glow dis-
charge. Moreover, use of a dimmer is possible with the lamp
according to the invention.

Finally, certain microwave plasma sources make it pos-
sible to limit radiation, the absorption of microwaves taking
place immediately following exit from the applicator and
ignition being immediate. Otherwise, it is imperative to use
electromagnetic shielding.

FIG. 4 illustrates an embodiment of the invention wherein
the glow discharge is initiated starting with an RF type
inductive plasma produced by a source 3 at the surface of
one of the electrodes playing the part of the cathode (in the
example illustrated, this is electrode E1). Moreover, the
glow discharge is maintained by the application of a voltage
U between electrodes E1 and E2. As stated above, the
voltage applied can be continuous or periodic (for example
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at 50 or 60 Hz). Typically, so-called “inductive” RF plasmas
are generated at frequencies which can cover the range from
the order of MHz to hundreds of MHz, and in particular at
the ISM (industrial, scientific, medical) frequencies such as
13.56 MHz, 27.12 MHz or 40.68 MHz and with highly
varied antenna geometries, well known in the state of the art
of inductive plasmas.

FIG. 5 illustrates another embodiment of the invention,
wherein the glow discharge is initiated starting with a
microwave plasma produced by a source 3 on the surface of
one of the electrodes playing the part of the cathode (in the
example illustrated, this is electrode E1). Said source 3 can
be a cavity containing an antenna, or a coaxial structure
consisting of a central conductive core and of an outer
conductor delimiting a volume for propagation of the micro-
waves. Moreover, the glow discharge is maintained by
applying a voltage U between electrodes E1 and E2.

As stated above, the voltage applied can be continuous or
periodic (for example at 50 or 60 Hz). So-called “micro-
wave” plasmas can be generated at frequencies which can
range from hundreds of MHz to a few GHz, and in particular
at the ISM frequencies of 433 MHz, 2.45 GHz, or even 5.80
GHz. In the example illustrated in FIG. 5, where the plasma
is generated in an Evenson type A/4 cavity [1], miniaturiza-
tion of the source compels operation at high frequencies
(2.45 or 5.80 GHz). By contrast, at lower microwave fre-
quencies, it is possible to operate with coaxial applicator
type sources (see for example references [2]-[3]) where the
microwave power is absorbed immediately upon leaving the
applicator, or with surface wave type plasma sources.

A certain number of improvements according to the
invention can be accomplished through the use of magnetic
fields, either at the plasma source or sources, or at the
positive column. These improvements involve operating at
pressures not exceeding a few torr (that is less than 10 torr),
and preferably less than one torr (1 torr=133 Pascal), a
pressure range where the electron collision frequency v in
the plasma becomes less than the cyclotron frequency o, of
the electrons in the magnetic field (v<w,_,). Indeed, if this
were not the case, the effect of the magnetic field would be
strongly damped by collisions.

RF Source in Helical Coupling Mode

This embodiment relates to RF inductive type plasma
sources which can operate in different coupling modes
called respectively:

mode E or low-density electrostatic mode;

mode H or high-density inductive mode, and

mode W or helical mode in the presence of an axial

magnetic field applied to the discharge.

The name of this helical coupling mode is derived from
the supposed propagation mode of the wave in the presence
of' a magnetic field [4]. This helical mode makes it possible
to attain higher densities at a given RF power due, on the one
hand to the confinement resulting from the magnetic field
and, on the other hand, to the very effective mode for
coupling RF power to the plasma.

According to this embodiment, illustrated in FIG. 6, a
static axial magnetic field B is applied to the surface of the
RF inductive type plasma source 3 so as to obtain mode W
coupling. The intensity of such a magnetic field is on the
order of a hundred gauss. This magnetic field can be
obtained, in a manner known in se, from permanent magnets
and/or from magnetic coils or solenoids. In the example
illustrated in FIG. 6, the magnetic field is provided by a
permanent magnet 4 for with axial magnetization placed in
proximity to the cathode.
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Microwave Source in ECR (Flectron Cyclotron Reso-
nance) Coupling Mode

This embodiment relates to microwave type plasma
sources which, in the presence of a static magnetic field, can
operate in a resonant coupling mode called electron cyclo-
tron resonance (ECR). Electron cyclotron resonance is
obtained when the frequency f,=w./2x of the microwave
electric field applied is equal to the frequency £ = /27 of
gyration of the electrons in the magnetic field, i.e. w,=w_,.
For a given microwave frequency, the intensity of the
magnetic field B, needed for ECR coupling is therefore:

Bo=fy2nm /e (€8]

where m, is the mass of the electron, and —e is its charge.

According to this embodiment, a static magnetic field
with an intensity equal to the resonance value B, is applied
at the plasma source so as to obtain the ECR coupling mode.
For exciting the plasma at ECR by microwaves at 2.45 GHz,
the intensity of the magnetic field is B,=0.0875 tesla. This
intensity of the static magnetic field can be obtained by
magnetic coils or solenoids, and/or from permanent mag-
nets.

In particular, conventional permanent magnets made of
samarium-cobalt or of barium and strontium ferrite make it
possible to obtain the magnetic field intensity required for
ECR coupling. In the case of lower frequency microwaves,
the intensity of the resonance magnetic field required is
weaker. Thus, B,=0.0155 tesla at 433 MHz. The magnetic
field applied is preferably axial.

According to a particular embodiment illustrated in FIG.
7, the plasma source is a coaxial microwave applicator
including a central core 30 and an outer conductor 31
separated by a volume 32 for propagation of the microwave,
which further includes:

a cylindrical permanent magnet 33, positioned at the end
of the central core 30 with its magnetization direction
parallel to the axis of the applicator; said magnet 33
preferably has a radius substantially identical to that of
the central core (concretely, said magnet can have a
radius slightly smaller than that of the central core and
be accommodated in a cylindrical recess provided at
the end of the central core);

an annular magnet 34, positioned at the end of the outer
conductor 31 of the coaxial assembly and with its
magnetization direction parallel to the axis of the
applicator and concurrent with that of the cylindrical
magnet.

All the magnets arranged at the end of the applicator have
the same magnetization direction. Preferably, said annular
magnet 34 has an inner radius equal to that of the outer
conductor 31, which corresponds to the outer radius of the
annular volume 32 for propagation of the microwaves,
denoted R (concretely, said magnet 34 can have an inner
radius slightly greater than that of the outer conductor and an
outer radius slightly smaller than that of the outer conductor,
and be accommodated in an annular recess provided at the
end of the outer conductor). The magnets 33, 34 can be
permanently attached to the coaxial assembly by any appro-
priate means.

The magnetization of the cylindrical magnet 33 and of the
annular magnet 34 is chosen so as to form a magnetic field
capable of providing, in a region remote from the exit plane
of'the applicator, electron cyclotron resonance coupling with
the microwave electric field generated by the applicator.
This assumes that the magnetization of said magnets 33, 34
is sufficient for generating, at a distance from the exit plane
of the applicator, a magnetic field having the intensity B,
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allowing electron cyclotron resonance corresponding to the
microwave frequency provided, according to formula (1)
above.

Furthermore, the cylindrical magnet 33 and the annular
magnet 34 make it possible to generate magnetic field lines
which pass through the electron cyclotron resonance cou-
pling region in a direction substantially parallel to the axis
of the applicator. This effect can be obtained by a judicious
selection of the outer radius and of the magnetization of the
annular magnet 34. Indeed, the greater the outer diameter of
the annular magnet 34, the more the constant-intensity lines
of the magnetic field generated remotely from the applicator
remain parallel to the exit plane of the applicator over a
considerable radius.

The electron cyclotron resonance region being delimited,
in the radial direction, by the region wherein the microwave
electric field is strongest, the use of an annular magnet with
an outer radius much greater than the radius of this region
makes it possible to obtain an ECR region substantially
parallel to the exit plane of the applicator. It is considered
that this strong electric field region extends over a radius on
the order of twice the radius R of the applicator. Conse-
quently, if the annular magnet has an outer radius greater
than the radius of the strong electric field region, the ECR
region is substantially parallel to the exit plane of the
applicator over its entire extent of radius 2R.

Moreover, due to the presence of the annular magnet
having an outer radius greater than 2R, the field lines
departing the pole situated at the exit plane of the applicator
to reach the opposite pole remain substantially parallel to the
axis of the applicator during their passage through the ECR
region of radius 2R, including the periphery of that zone. In
other words, the annular magnet has the effect of “straight-
ening” the field lines at the periphery of the ECR region.

Application of a Static Magnetic Field Gradient from the
Electrode Toward the Positive Column

According to one embodiment, illustrated in FIG. 8, a
static axial magnetic field is applied in the region R1 of the
plasma source or sources at an amplitude which, in the
source region, decreases continuously from the cathode
toward the positive column. Such a static magnetic field can
be generated, for example, by a solenoid 5 the coils whereof
are separated by a pitch that increases from the cathode
toward the positive column.

The current circulating in said solenoid can be supplied,
for example by the power supply to the transistors of the
plasma source or sources. This is therefore a direct current.
Thanks to this decreasing magnetic field gradient, the elec-
trons accelerated in the plasma source convert, in the mag-
netic field gradient, the rotation speed acquired at the source
into translation speed in the direction of the positive column
due to conservation of the magnetic moment of the electron
along its trajectory (first adiabatic invariant). Due to the
electric space charge, the ions are driven by the electrons so
that the plasma produced in the plasma source or sources at
the cathode is “injected” toward the positive column.

This embodiment applies both to microwave and to RF
plasma sources. The solenoid 5 being advantageously placed
outside the plasma and surrounding the cathode plasma
source 3, it also performs the function of electromagnetic
shielding with respect to microwave or RF waves. In the
example illustrated here, an RF plasma source 3 is placed in
the region of each electrode and a solenoid 5 is placed
around each of these sources, but it goes without saying that
this embodiment can be implemented with single cathode
plasma source and a single solenoid surrounding it.
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Application of a Static Axial Magnetic Field Along the
Positive Column

According to one embodiment, a static axial magnetic
field is applied along the positive column so as to reduce the
radial losses along the positive column, and thus to improve
the overall energy efficiency of the glow discharge. As
illustrated in FIG. 9, this static magnetic field can be
obtained by a direct current circulating in a conductive
winding of the solenoid type 6 surrounding the glow dis-
charge over its entire length. In the example illustrated here,
the solenoid 6 is wound outside the tube 1, inside a tube 7,
transparent to the emitted radiation, which contains the tube
1. If, however, the solenoid 6 is electrically insulated, it can
be placed inside the tube 1, in proximity to its inner wall.

The space between each coil of the winding must of
course be sufficient to allow passage of the light to the
outside. The direct current circulating in the winding can for
example be supplied by the power supply to the transistors
of the plasma sources at the ends of the glow discharge.
Besides the confinement effect, the winding can also, if
necessary, provide shielding from the electromagnetic
waves emitted by certain plasma sources.

This embodiment applies both to microwave and to RF
plasma sources. In the example illustrated here an RF
plasma source 3 is placed in the region of only one electrode
(E1), but it goes without saying that this embodiment can be
implemented with two cathode plasma sources. Moreover,
the different embodiments described above can possibly be
combined.

In particular, it is possible to combine the embodiments
illustrated in FIGS. 8 and 9 by positioning along the glow
discharge a solenoid wherein the pitch of the coils increases
from the cathode to the positive column, and is constant
along the positive column. Thus, thanks to such a solenoid,
a magnetic field gradient in the cathode region and a
constant-intensity magnetic field in the positive column are
both generated.
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The invention claimed is:

1. A glow discharge lamp comprising:

an elongated envelope, transparent to lighting radiation
and containing a plasma gas;

a device for applying an electric field suitable for main-
taining a plasma in a region of the envelope called a
positive column, including two electrodes constituting
an anode and a cathode situated in the envelope, at each
end of the envelope; and

a microwave or radio-frequency cathode plasma source
positioned in the envelope relative to the electrode
constituting the cathode so as to generate a localized
high-frequency discharge on the surface of the elec-
trode to generate the plasma.
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2. The lamp of claim 1, which is supplied with a periodic
voltage at 50 Hz or 60 Hz, the lamp further comprising two
cathode plasma sources situated in the envelope relative to
each of the two electrodes so as to generate a localized
radio-frequency or microwave plasma at the surface of each
of the electrodes.

3. The lamp of claim 1, wherein the cathode plasma
source is an inductive radio-frequency source.

4. The lamp of claim 1, wherein the cathode plasma
source is a microwave source.

5. The lamp of claim 1, wherein a pressure inside the
envelope is less than 10 torr (1330 Pa).

6. The lamp of claim 5, wherein the cathode plasma
source is an inductive radio-frequency source and the lamp
further includes a device for applying a static axial magnetic
field at the plasma source.

7. The lamp of claim 5, wherein the cathode plasma
source is a microwave source and the lamp further includes
a device for applying a static magnetic field with intensity
equal to an electron cyclotron resonance intensity at the
plasma source.

8. The lamp of claim 6, further comprising a device for
applying, at the cathode, a static axial magnetic field with its
intensity decreasing from the cathode toward the positive
column.

9. The lamp of claim 6, further comprising a device for
applying a static axial magnetic field along the positive
column.

10. The lamp of claim 9, wherein the device for applying
a static axial magnetic field is a solenoid wound around the
envelope.

11. The lamp of claim 1, wherein the envelope takes the
form of a straight tube.

12. The lamp of claim 1, wherein the envelope takes the
form of a tube wound in a spiral.

13. A lighting method using a glow discharge lamp, the
lamp comprising an elongated envelope transparent to light-
ing radiation and containing a plasma gas (2), and two
electrodes constituting an anode and a cathode, situated
inside the envelope, at each end of the envelope, the method
comprising:

generating a microwave or radio-frequency cathode

plasma by a localized high-frequency discharge at the
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surface of the electrode constituting the cathode, the
discharge being created by a microwave or radio-
frequency cathode plasma source positioned in the
envelope; and

applying, between the anode and the cathode, a voltage

suited for applying an axial electric field for maintain-
ing the plasma in a region of the envelope called a
positive column.

14. The method of claim 13, wherein the voltage applied
is an AC voltage at 50 or 60 Hz and the cathode plasma is
generated alternately at the surface of one and the other
electrode, to with the electrode constituting the cathode
depending on the polarity of the voltage applied.

15. The method of claim 13, wherein a static axial
magnetic field, with its intensity decreasing from the cath-
ode toward the positive column, is further applied at the
cathode at the surface whereof the cathode plasma is gen-
erated.

16. The method of claim 13, wherein a static axial
magnetic field is further applied along the positive column.

17. The method of claim 13, wherein the cathode plasma
is generated at a frequency comprised between 1 MHz and
100 MHz.

18. The method of claim 17, wherein a static axial
magnetic field is further applied at the cathode, at the surface
whereof the cathode plasma is generated, so as to obtain
coupling in a helical mode.

19. The method of claim 13, wherein the cathode plasma
is generated at a frequency comprised between 100 MHz
and 5.8 GHz.

20. The method of claim 19, wherein a static magnetic
field with an intensity equal to an electron cyclotron reso-
nance intensity is further applied at the cathode at the surface
whereof the cathode plasma is generated, so as to obtain
electron cyclotron resonance coupling.

21. The method of claim 13, wherein a pressure in the
envelope is less than 10 torr (1330 Pa).

22. The method of claim 13, wherein the voltage applied
between the electrodes is a DC voltage or an AC voltage at
50 Hz or 60 Hz.



